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0 Flow Intectlon analysis. 



0 There ;is disclosed a liquid pump, particularly 
though not exclusively suitable for use in flow injec- 

ation analysis, and comprising a reservoir (3) an outlet 
tube (6) for conducting liquid (2) from the reservoir 
IP and means (5) for Introducing gas into the liquid in 
0}the reservoir to displace liquid therefrom through tills 
Oitube. The gas rinay be introduced In the form of a 
^series of rapid pulses of controlled duration and 
lO frequency and at a fixed level relative to the en- 
(^trance to the outiet tube. 
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FLOW INJECTION ANALYSIS 



This invention relates to flow injection analysis 
and particularly to an inriproved flow injection analy- 
sis system having the capability of perfonming anal- 
yses with improved precision and repeatability and 
being programmable for control by a computer. A 
particular feature of the system is a novel sample 
preparation pump which Is useful in applications 
other than flow injection analysis, for example cali- 
bration, optimisation and detector characterisation 
. and as part of a small-scale reactor system. 

Flow injection analysis (FIA) is a versatile tech- 
nique available to the analyst for carrying out anal- 
yses of fluids, especially liquids. In essence, the 
technique comprises mixing a sample of a fluid to 
be analysed with one or more reagents which react 
with the sample in a carrier whilst travelling to a 
detector which responds to any changes induced 
by the reaction. The system may be operated by 
injecting a sample into a carrier stream containing 
the reactant(s) (normal FIA) or by injecting 
reactant(s) into a carrier stream containing the 
sample (inverse FIA). The system permits accurate 
control over the time interval between injection of 
the sample or reagent and the detector, thereby 
allowing reaction products to be detected without 
waiting, for a steady-state to be reached, so allow- 
ing rapid sampling and enabling reactions to be 
used which do not go to completion in the permit- 
ted time interval before detection. A typical instru- 
ment for carrying out FIA comprises a pump for 
pumping the canier. a sample injector, optionally a 
coil providing the required residence time for reac- 
tion and a detector. 

Known forms of pump for these purposes in- 
clude peristaltic pumps and bottle-iike reservoirs 
from which liquid is displaced by intrdduciiig gas 
under pressure to the ullage therein from a gas 
source by way of a regulator valve. Such regulator 
valves are not particularly accurate and do nothing 
to compensate for the changing head of liquid In 
the reservoir above the liquid outlet 

The present Invention resides in the discovery 
that improved results are obtained in FIA systems 
by providing a steadier flow of fluid than is obtain- 
able using previously used pumps. The improved 
fluid handling system is reliable and can be (and 
preferably is) made even more reliable and precise 
by being designed for use with computer control 
giving flexibly programmable apparatus. 

According to one aspect of the invention there 
is provided a liquid pump comprising a reservoir, 
an outlet tube for conducting liquid from the reser- 
voir and means for introducing gas into the reser- 
voir to displace liquid therefrom through said tube, 
characterised in that the gas is fed into the liquid in 



the reservoir. 

The gas may be fed into the liquid at a fixed 
level therein relative to the entrance to the outlet 
tube and such as to maintain a constant pressure 
5 at that level. 

The gas may be introduced above ambient 
pressure, or drawn in by suction applied to the 
outlet tube. 

The fixed level may be at or adjacent said 

10 entrance. 

In this way, the pressure In the liquid expelled 
from the bottle remains constant, thereby ensuring 
that the liquid flow is constant. 

The pressurising gas may be fed into the res- 

is ervoir in the form of a series of precisely controlled 
rapid pulses of gas. The pulse duration may be 
variable depending upon the desired rate of flow of 
liquid; by way of example the pulse duration may 
be say 2 milliseconds for a low liquid flow rate and 

20 up to 20 milliseconds for a high liquid flow rate, it 
will be appreciated that these figures relate to 
standard type FIA devices and may be different for 
another size of device. The pulse repetition fre- 
quency may be controllable up to about 200 Hz but 

26 in general will be set at a maximum of about 20 Hz 
in order to consen/e valve lifetime. 

Thus pulse duration and pulse repetition fre- 
quency may be controlled thereby providing con- 
trol of solvent/reagent flow rates and amount of 

30 solvent/reagent delivered. In a standard device, 
flow rates of up to about 5 mi/minute are typical; 
higher flow rates are possible using reservoirs de- 
signed to withstand higher Internal pressures. 
The pressure of the gas at the end of the gas 

35 inlet tube can be sensed, optionally In a computer- , 
contrdlled device, and compared with a reference 
signal (eg computer generated) which is related to 
atmospheric pressure. Pressure sensing may be, 
for example, by a piezoresistive differential pres- 

40 sure sensor. Any difference between the measured 
pressure and the reference signal is uised to vary 
the gas flow rate by changing either or both of the 
puise duration and the pulse repetition frequency, 
these being changed by alteration of the timing of 

45 the gas release valve. Using this pressure control 
technique, the pressure difference between the 
drive gas and the ambient atmosphere is main- 
tained regardless of any fluctuations in ambient 
pressure (and, within reason, gas pressure) and/or 

60 solvent/reagent demand. This constancy of pres- 
sure difference is especially valuable in cases 
where a valve Is introduced after the pump to stop 
or switch the liquid flow. 

As indicated above, the device can be op- 
erated at high or low solvent/reagent flow rates. In 
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the case of low solvent/reagent flow rates in par- 
ticular a gas bleed may be provided in the system. 
A gas bleed line may be connected to the head 
space to pemnit a slow escape of gas from the 
head and ensure better control of the drive gas 
pressure and hence the liquid flow rate. 

The system is not restricted to a single sample 
: or reagent pump and indeed several pumps, each 
of the improved design described hereinbefore, 
may be provided. The system thus has the capabil- 
ity of mixing a single sample with one or several 
reagents, several samples with a single reagent or 
more than one sample with more than one reagent 

The improved FIA system of the Invention af- 
fords a number of advantages over the conven- 
tional system using prior known pumps. The sys- 
tem provides a pulseless, jitter-free delivery of 
solvent^reagent at a smooth, controlled flow rate. 
There is no backlash at start/stop of liquid flow 
downstream of the solvent/reagent pump(s) and an 
Instant start is achieved in stopped-flow experif 
ments. Since the pressurising gas is introduced 
into the body of the solvent/reagent It serves to 
purge or de-gas the soivent^reagent as it rises to 
the head space, thereby avoiding air bubbles In the 
solvent/reagent. For effective purging and/or de- 
gassing of the liquid, we have used helium with 
good results. The pump system and indeed the 
entire device can be constructed of materials which 
are inert to the solvent and/or the reagent so that 
the need for replacement of consumable parts 
(such as the elastomer tubing of peristaltic pumps) 
is obviated. 

The system affords an active feedback control 
of the pressure head in the pump and a high 
tolerance of changes in ambient pressure and drive 
gas pressure. The system compensates for 
changes in the liquid (solvent/ reagent) level in the 
pump as solvent/reagent is consumed, thereby ob- 
viating the need for maintaining a constant liquid 
level. There is no need for high quality gas regula- 
tors, although a good quality low pressure relief 
valve followed by a capillary restrictor Is advisable 
for safety. The pump can deliver very low 
solvent/reagent flow rates reproducibly and pre- 
cisely. 

The detector of the FIA system may be any of 
those usually used in RA devices, for example a 
spectrophotometer, a liquid: chromatograph. an 
electrochemical sensor or an atomic spectroscope. 

The liquid pump may be used with an FlA 
manifold including a sampling section comprising a 
length of line between valve means at its opposite 
ends, the valve means being operable firstly to 
enable the filling of said length with sample and 
secondly its expulsion into a carrier stream. 

The FIA manifold may include a line for carry- 
ing one fluid via valve means for mixing with an- 



other fluid flowing through another line, there being 
means to open and close the valve means repeat- 
edly at high frequency to ensure rapid intimate 
mixing of the two fluids. 
5 The invention will now be Illustrated by way of 
example only with reference to the accompanying 
drawings, In whlch:- 

Figure 1 shows a solvenl/reagent pump. 
Rgure 2 shows a schematic representation 
10 of a control circuit for the pump of Figure 1, 

Rgure 3 is a schemiatic representation of an 
FIA manifold in which each element of the system 
Is under the control of a computer, 

Rgure 4 Is a schematic representation of a 
16 system of three-way valves in one example of a 
. sampling arrangement, 

Figure 6 shows a pressure reduction unit 
suitable for drawing fluids through the manifold 
system shown in Rgure 3, 
20 Rgure 6 shows three types of mixers which 

can be used in the manifold system of Rgure 3, 
and 

Rgure 7 shows the pump of Rgure 1 pro- 
vided with various safety features. 

25 : Referring firstly to Rgure 1, a pump 1 for 
delivering a liquid 2 (a solvent or reagent, fori- 
instance) into a carrier stream comprises a reser- . 
voir in the form of a bottle 3 fitted with a screw-cap 
4 through which pass tubes 5 and 6. Tube 5 

30 jsrovides an inlet for a gas and tube 6 provides an 
outlet for the liquid 2. Both of the tubes 5 and 6 
open near the bottom of bottle 1 and the open end 
of each is at the same level beneath the surface of 
the liquid. 

35 Although in the pump shown in Rgure 1 the 
gas inlet tube 5 and the liquid outlet tube 6 open at 
the same level in the liquid, it will be appreciated 
that this is only a preferred design and that the 
opening of the tubes may be at different levels 

40 within the liquid provided that the difference In 
levels remains constant. . 

A capillary tube 7 also passes through the cap 
4 and Is connected to a capillary tube 10 (shown 
coiled but not necessarily coiled) open at its free 

45 end to provide a bleed line for the gais In the head 
space. 

The gas inlet tube 5 has a side arm which 
connects it with a pressure sensor 8 which is wired 
to a tenminal 9 for connecting the sensor to the 

50 puhtp control circuit Gas inlet tube 5 is provided 
with a connector 11 for connecting the tube to a 
drive gas control valve (optionally computer-con- 
trolled). Liquid outlet tube 6 has a connector 12 for 
connecting it through a valve (optionally computer- 

55 controlled) to a FIA manifold. 

Rgure 2 shows schematically a control circuit 
for inlet of drive gas to the pump. The signal from 
pressure 8 (preferably referenced to atmospheric 
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pressure) is amplified at 13 and passed to a dif- 
ference amplifier 14 together with a reference volt- 
age signal from 15 amplified at 16. It will be 
appreciated that various electronic configurations 
may be utilised to enhance the stability of the 
reference signal. In the embodiment shown In Rg- 
ure 2, the amplified signal from 14 is passed 
through a comparator 17 to a digital pulse gener- 
ator 18 where together with a further signal 
(optionally computer generated) from 19 it controls 
the frequency and duration of pulse generation in 
accordance with the requirement to control the gas 
inlet pressure. For example a computer generated 
signal may not only control pulse duration but may 
also establish a voltage set point to which the 
pressure transducer is compared by 17 in order to 
define the required pressure of the inlet gas. Con- 
trolled in this way, the signal from pulse generator 
18 passes to a valve driver 20 a signal containing 
infonnation as to the pulse duration and pulse 
repetition needed to maintain or establish a desired 
condition within the pump. 

A FIA manifold comprising pumps as shown in 
Figure 1 is illustrated in Figure 3, In which 21a. 
21b, 21 c and 21 d are solvent/reagent pumps, 22a, 
22b and 22c are mixers, for example three-way 
vah/es. and 23 is a sampling system (described 
with reference to Rgure 4). A detector 24, for 
example a spectrophotometer, connects with the 
manifold. As will be apparent, in principle the mani- 
fold enables any number of soivent^reagent liquids 
to be mixed in any desired proportions with a 
sample or samples. Each of the solvent/reagent 
pumps is designed and controlled as described 
above to deliver a precise amount of liquid. 

The sampling system 23 Is shown schemati- 
cally in Figure 4 and consists of five interconnected 
three-way valves 25 to 29. Valve 25 is connected 
by line 31 with a source of a wash fluid and 
through line 32 with a source of a sample of the 
material to be analysed. Valve 25 Is switchable to 
pass either the wash fluid or the sample to a 
second valve 26 which again Is a three-way valve. 
Valve 26 enables wash fluid to be passed directly 
to drain or waste disposal In the direction of arrow 
33 or sample to be passed towards the manifold 
system In the direction of arrow 34. Three-way 
valve 27 switches either the sample received from 
valve 26 or a (earner) stream from line 37 to valve 
28. At valve 28 the sample can be switched either 
to the waste disposal line (anrow 35) or to the 
detector [arrow 36 -via a valve 29 and mixers 22b 
and 22c (Figure 3)]. Valve 29 completes the sam- 
pling system and as shown enables a (canrier) 
stream from line 37 to pass directly to the detector 
(via mixers 22b and 22c) or the (carrier) stream can 
be switched Into the sample line via valve 27. 

Operation of the sampling system Is as follows. 



For stopped-flow sampling, i.e. where the flow of 

fluid to the detector is intemnittent, valves 25 and 

26 are operated to allow sample to flow to line 34 
and valves 27 and 28 allow flow to line 35. Valve 

5 29 prevents flow of carrier to the detector. In this 
an-angement. sample passes through valves 25, 26, 

27 and 28 to waste and the flow of carrier fluid Is 
cut off. Valve 28 Is operated to allow sample to 
pass to valve 29 and the detector line and at the 

JO same time valve 27 is operated to stop the flow of 
sample from line 34 and pass a (carrier) stream 
from line 37 so that carrier drives the sample 
located between valves 27 and 28 to the detector 
line via valve 29. Thus slugs of sample can be 

76 passed to the detector. 

For continuous-flow sampling, i.e. where there 
Is a continuous flow of fluid to the detector, sample 
flows through valves 25, 26. 27 and 28 to waste, 
whilst carrier fluid flows through valve 29 to the 

20 detector line. If at the same time valves 27, 28 and 
29 are switched then the sample flow from line 34 
is cut off and a slug of sample (i.e. that located 
between valves 27 and 28) is driven through the 
detector line by canrier fluid. Thus, there is a con- 

25 tinuous flow of fluid through the detector line whilst 
slugs of sample are entrained as desired. 

To purge the system of sample, valves 25 and 
26 may be operated to purge the sample directly 
to waste, whilst valves 27 and 28 allow canier fluid 

30 to pass either to waste or to the detector line. 

To wash out the sampling system, valves 25. 
26, 27 and 28 are operated to allow washing fluid 
to pass through the lines between valves 26, 27 
and 28 to waste or to the detector via valve 29. 

36 It will be appreciated that the various valve 
change sequences to perform the various oper- 
ational functions can be programmed into a com- 
puter so that a predetermined programme of analy- 
ses can be carried out automatically. 

40 In the manifold system described with refer- 
ence to Rgures 3 and 4 the fluids (wash, sample, 
carrier or reagent fluids) are driven through under 
positive drive gas pressure but It will be appre- 
ciated that instead the fluids may be drawn through 

46 the system by reduced pressure. A system of the 
latter type may comprise, for example, a manifold 
system as shown In Figure 3 having a pressure 
reduction unit connected after the detector 24, a 
suitable pressure reduction unit being illustrated in 

60 Figures. 

Refem'ng to Rgure 5, the pressure reduction 
unit or vacuum control unit 38 comprises a pres- 
sure rated vessel 39 into which waste fluid from the 
detector (24) is drawn through line 40 into a con- 

56 stant head of liquid 41 . A line 42 connects vessel 
39 to an ejector device 43 in which the flow of a 
gas or liquid via inlet 44 and outlet 45 (to drain, for * 
instance) creates a suction on line 42 and draws 
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fluid from vessel 39. The reduced pressure thereby 
created In vessel 39 in turn draws fluid from the 
detector through line 40 and in fact draws fluid 
through the entire manifold system. The magnitude 
of the reduced pressure effected In this way is 
controlled by allowing the controlled influx of gas, 
e.g. ambient air, into vessel 39 through a line 46 
via a control valve 47 such as a three-way valve of 
the fail-to-open type. Valve 47 Is controlled in the 
same way as is described hereinbefore for the 
positive pressure drive gas valves of the pump 
shown in Rgure 1. A pressure sensor/control unit 
48 monitors the reduced pressure relative to that of 
the gas source (ambient) and releases pulses of 
gas into vessel 39 using a control circuit similar to 
that illustrated in Figure 2. 

As described, the reduced pressure unit may 
be located after the detector 24 in the manifold 
system of Figure 3 so as to draw fluids through 
that manifold instead of driving the fluids through 
using a pressurised gas source. Alternatively, the 
reduced pressure unit can advantageously be ad- 
ded to the manifold system to supplement rather 
than replace the positive drive facility. In this way. 
a greater pressure differential can be provided 
across the manifold without exceeding the pressure 
rating of the pressurised vessels. Thus, for in- 
stance, a faster throughput of fluids may be 
achieved arid the system is better equipped to 
handle viscous fluids which may be encountered as 
samples and/or reagents. 

It will be appreciated that in the manifold 
equipped with a reduced pressure unit, the sample 
and/or reagent pumps may be simpler devices 
operating on the mariot principle. It will be appre- 
ciated also that in the draw-through system there is 
no requirement for a pressurised gas source; this 
makes the system more attractive for transport for 
field uses, for example. 

The manifold system shown In and described 
with reference to Rgure 3 comprises mixers 22a, 
22b and 22c and three types of mixers which may 
be utilised are represented as Figures 6a, 6b and 
6c in Figure 6. In Figure 6 the member denoted as 
1 is a pump essentially as shown in Figure 1 . 

The devjce shown in Rgure 6a is for continous 
delivery of one fluid (from the pump) into another 
fluid stream. Thus with reference to Figure 3 any of 
the mixers 22a, 22b and 22c may have this con- 
figuration. If desired, further mixers may be pro- 
vided as shown in broken lines in the drawing. 

Rgure 6b shows a mixer comprising a two-way 
valve which allows Intermittent addition of one fluid 
(from the pump) Into another fluid stream. Pulse- 
free delivery of fluid from the pump and repeated 
operation at high frequency (typically 1Hz - 100Hz) 
of the two-way ratioing valve ensures effective mix- 
ing of the two fluid streams. The valve may be 



operated with any desired marie space ratio. Op- 
tional additional mixers may be provided as shown 
in broken lines in the drawing. 

The ratioing valve is preferably a low dead- 
5 volume three-way valve such as is shown In Rgure 
6c. An optional additional mixer may be provided 
as shown in broken lines in the drawing, 

in the arrangement of Figure 6a the fluid mix- 
ing ratio Is determined solely by the relative pres- 
to sures of the fluid streams being mixed. In the . 
arrangements shown in Figures 6b and 6c, how- 
ever, the valve introduces a further control over the 
mbdng ratio since In this case the valve timing as 
well as the fluid pressure Influences delivery of the 
76 fluid. 

Irrespective of the type of mixing device em- 
ployed it is preferred that the mixing operation at 
each point in the manifold system can be con- 
trolled by computer in order to ensure precise and 

20 repeatable blending of fluid streams even when 
sampling procedures are undertaken. 

Some safety features which it is desirable to 
build into the pump and its control system are 
illustrated In Rgure 7. As shown in this Rgure, the 

25 system is modified by incorporation of an addi- 
tional pressure sensor and a pressure relief valve. 
The gas inlet tube 5 Is connected to a gas inlet 
valve 48 in advancfe of which is provided a side 
arm to a pressure sensor 49. The signal 50 from 

30 pressure sensor 49 is compared with the signal 
from pressure sensor 8. The pressure sensed at 
sensor 49 should always be greater than that 
sensed at sensor 8. The gas bleed tube 7 Is 
connected through a relief valve 51 to a vent line. 

36 These features are designed to cater for situ- 
ations where there is a failure of the gas supply 
which othenfvise could result in damage due to the 
drawing of liquid from the pump back Into the 
pressure sensor 8 or even into the gas supply 

40 valve 48 and the source of the gas. In the modified 
system of Rgure 7, in the event of a; failure of the 
gas supply or of it being inadvertently turned off, 
the gas pressure in the headspace of the pump 
exc€teds that In the gas supply through valve 48. 

45 The pressure sensor 49 measures the pressure of 
the gas supply to valve 48 and compares It with 
the headspace pressure measured by sensor 8. A 
dedicated electronic circuit controls the . relief valve 
51 such that it is opened tiiereby venting the 

50 headspace within the pump. The system can be 
set up so that further operation of the pump is 
halted until the fault has been corrected and the 
vailve 51 has been reset. In the event of a power 
failure, gas supply valve 48 is closed to shut off the 

65 gas source and valve 51 is opened to vent the 
pump headspace. 

Other safety features (not Illustrated) which are 
desirable are a pressure relief valve (say 10 psig - 
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68 kPa) in the gas supply line and a capillary 
restrictor in the gas supply line. Also It is advisable 
to employ a pump ixdy, e.g. a plastic-coated glass 
bottle or a plastic bottle, designed to withstand a 
much greater intemal pressure than Is ever likely to 
be encountered in nomial usage of the pump. 



Claims 

1. A liquid pump comprising a reservoir, an 
outlet tube for conducting liquid from the reservoir 
and means for introducing gas into the. reservoir to 
displace liquid therefrom through said tube, charac- 
terised In that the gas is fed into the liquid In the 
reservoir, 

2. A liquid pump according to claim 1, wherein 
the gas is fed into the liquid at a fixed level therein 
relative to the entrance to the outlet tube and such 
as to maintain a constant pressure at that level. 

3. A liquid pump according to claim 2, wherein 
the fixed level is at or adjacent said entrance. 

4. A liquid pump according to any one of 
claims 1 to 3, wherein the gas is introduced to the 
reservoir at a pressure above ambient pressure. 

5. A liquid pump according to any one of 
claims 1 to 3. wherein the gas is introduced to the 
reservoir by the application of suction to the outlet 
tube. 

6. A liquid pump according to ariy preceding 
claim, wherein the gas is introduced Into the reser- 
voir in the form of a series of rapid pulses of 
controlled duration and frequency. 

7. A liquid pump according to any preceding 
claim, including means for sensing pressure at the 
end of the gas inlet tube and comparing with a 
reference signal related to atmospheric pressure to 
control the feed of gas into the reservoir. 

8. A liquid pump according to any preceding 
claim, including a gas bleed line from the head 
space above the liquid in the reservoir. 

9. Flow injection analysis apparatus including 
at least one liquid pump according to any preced- 
ing claim. 

10. Flow injection analysis apparatus according 
to claim 9, including a sampling section comprising 
a length of line between valve means at its op- 
posite ends operable firstly to enabie the filling of 
s^d length with sample and secondly its explusion 
into a carrier stream. 

11. Row injection analysis apparatus according 
to either claim 9 or clainri 10. Including a line for 
carrying one fluid via valve means for mixing with 
ariother fluid flowing through another line and there 
being means to open and close the valve means 
repeatedly at high frequency to ensure rapid in- 
timate mixing of the two fluids. 

12. Apparatus according to any preceding 



claim Including computer control means therefor. 
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